Aerosol characteristics, optical properties and DRF were analyzed in urban Nanjing. BC accounted for about 6.6 AE 2.9% of PM 2.5 in urban Nanjing from Jan to Apr 2011. Wavelength-dependent surface albedo of MODIS was used when accessing aerosol DRFs. Annual 550 nm AOD was 0.04 and 0.6 for absorbed and total aerosols in Nanjing (NJ). Clear sky DRF of NJ-absorbed and total aerosols was þ4.5 and À6.9 W m À2 at the TOA.
Introduction
Atmospheric aerosols can influence global and regional climate significantly and their loadings have substantially increased since preindustrial times (Qin et al., 2001) . Kiehl and Briegleb (1993) suggested that the sulfate aerosol direct effect could greatly offset the warming effect of CO 2 in regions with high sulfate concentrations and Jacobson (2002) emphasized the warming effect of black carbon (BC) as it is only preceded by CO 2 , implying the importance of atmospheric aerosols on the global energy budget.
Aerosol optical and radiative properties at global and regional scales have been studied since 1990s with model simulations (Penner et al., 2001; Liao and Seinfeld, 2005; Zhuang et al., 2013a) and satellite/surface-based retrievals (Bellouin et al., 2003; Zhang et al., 2005; Christopher et al., 2006; etc.) . Furthermore, uncertainties of internally/externally mixing states in estimating aerosol direct radiative forcings (DRFs) have been assessed with numerical models in the last decade (Jacobson, 2001; Kim et al., 2008; Zhuang et al., 2013b) . Forster et al. (2007) estimated that the global mean aerosol DRF at the top of atmosphere (TOA) is about À0.55 W m À2 , derived from the ground observations, while the DRF value is positive from model simulation, i.e., þ0.04 to À0.63 W m À2 . Reddy et al. (2005) suggested that the global mean simulated DRF of anthropogenic and natural aerosols at the TOA was about À2.1 W m À2 in clear sky. At region scale over East Asia, simulated DRF at the TOA is from À6.77 to À3.43 W m À2 for total aerosols (Huang et al., 2007) , þ0.81 W m À2 for BC (Zhuang et al., 2013a) , and À0.88 W m À2 for nitrate . Generally, aerosol DRFs derived from ground observations have relatively lower uncertainties in comparison with those from simulations. Ramanathan and Carmichael (2008) found poorer performances in model simulations of aerosols over Southern Asia compared with observations. Recently, more and more observations have been used to study regional aerosol optical and radiative properties (Yu et al., 2006) . For examples, Markowicz et al. (2008) found that the daily mean surface DRF can exceed À20 W m À2 in Persian Gulf region. Khatri et al. (2009) reported that summer aerosols in Nagoya have a high absorbing ability, resulting in a positive DRF of þ2.5 W m À2 at the TOA and a very negative forcing of À71.8 W m À2 at the surface. In Kuhlmann and Quaas (2010) , shortwave radiation was found to be reduced by 20e30 W/m 2 due to aerosol perturbation over Qinghai-Tibet Plateau. Alam et al. (2011) derived a mean aerosol DRF about À22 AE 6 W m À2 at the TOA in Karachi from observations.
China is one of the main source regions for atmospheric aerosols in the world. Aerosols over China vary complicatedly in compositions and distributions. Aerosols emit strongly in central, southwestern, and eastern China, including Yangtze River Delta (YRD) and Pearl River Delta regions ), one of the fastest growth regions over China. Although the aerosol direct effects over China have been studied in numerical simulations (Wu and Fu, 2005; Han et al., 2009 Han et al., , 2012 Han et al., , 2011 Han, 2010; H. Zhang et al., 2012) and in observations (Xia et al., 2007; Wang et al., 2009; Li et al., 2010; Yan et al., 2010; Cai et al., 2011; Bai et al., 2011; Xiao et al., 2011; Zhou et al., 2011) , none of them derived the optical properties and DRF of urban aerosols in YRD from observations. The objective of this study is to better understand the characteristics, optical properties, and DRFs of urban aerosols in YRD, with interpretations of short-term (three months) measurements of BC, aerosol scattering coefficient (Bsp), and particulate matters with diameter of 2.5 mm or less (PM 2.5 ) and long-term (one year) measurements of aerosols optical depth (AOD) and Angstrom exponent (AE) at an urban site in Nanjing, YRD. A column radiative transfer model, Tropospheric UltravioleteVisible radiation model (TUV) (Madronich, 1993) was employed to calculate clear sky aerosol DRFs at the TOA and the surface. In previous studies, surface albedo for solar broadband or visible albedo was often used in estimating aerosol DRFs (Ma and Yu, 2012) . In this study, wavelength-dependent surface albedo from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite instrument was used.
This paper is organized as follows. The method including the measurements and the radiation transfer model TUV is described in Section 2. The measured data are interpreted in Section 3, regarding the characteristics of aerosols in Nanjing in Section 3.1, optical properties of aerosols in Section 3.2, and aerosol direct radiative forcing Section 3.3. Conclusions are provided in Section 4.
Methods

Observation site, instrument and data introductions
Nanjing is the capital city of the Jiangsu province, a typical developing city of YRD. The sampling site is located in the downtown area of the city inside the Gulou campus of Nanjing University, at 32.05 N, 118.78 E, with the altitude of 99.3 m (79.3 m building tall plus 20 m asl), There are no higher buildings near or around the site. More details about the station are available in Zhu et al. (2012) .
Short-term measurements of PM 2.5 , BC and Bsp were made from 18 January 2011 to 18 April 2011 (defined as Phase 1). These three variables were measured with TEOM particulate mass monitor-Series 1400, Aethalometer (AE-31), and Integrating Polar Nephelometer with PM 2.5 size-cut inlet sensors (NGN-3A) (shown in Table 1 ). To obtain the compositions of total aerosols, Ambient Eight Stage Cascade Impactor Sampler was used.
Total aerosols AOD and AE were measured for a longer period from 22 April 2011 to 21 April 2012 (defined as Phase 2) using a Cimel sunphotometer CE-318N. Additionally, single scattering albedo (SSA) of total aerosols and AODs of absorbing, fine, and coarse aerosols could be inversed by DOBVIC algorithm which has been used in Aerosol Robotic Network (AERONET).
Relative humidity was measured with a conventional meteorological instrument at the site. Wind direction and speed were acquired from the national meteorological station which is about 1.5 km far away from the site. 
Radiation transfer model
Using observed aerosol optical properties (including AOD, SSA, and AE) and the surface albedo, we can calculate aerosol DRF in Nanjing with the TUV model (Madronich, 1993) . Aerosol DRF is highly dependent on aerosol column burden and compositions so that AOD and SSA are the dominant factors controlling aerosol DRFs. The surface albedo is another influential factor (Ma and Yu, 2012) . Therefore, wavelength-dependent hourly aerosol AOD, SSA, AE, and the daily surface albedo observed during Phase 2 were used to substitute the original default values in TUV when estimating the shortwave radiative flux with the presence of aerosols in Nanjing. The solar component of the radiative transfer scheme in TUV follows the d-Eddington approximation. The default aerosol attenuation coefficient profile used in the model is available in Palancar and Toselli (2004) . Cloud covers were not considered here because all the aerosol optical properties were observed only under a clear sky condition. Aerosol radiative forcing here is defined as an instantaneous forcing: the difference between net shortwave radiative flux with aerosols and that without aerosols at the TOA or at the surface. Gas absorptions in the atmosphere were set to be constant (in default values).
Results and discussions
3.1. Characteristics of urban aerosols in Nanjing Fig. 1 shows the time series of hourly mean concentrations of BC, PM 2.5 , and 550-nm aerosol scattering coefficient (Bsp) during Phase 1, suggesting similar temporal variations in the atmospheric species (BC and PM 2.5 ) and the aerosol parameter (Bsp). Mean values of BC, PM 2.5 , and 550-nm Bsp were 4.1 mg m À3 , 76.1 mg m À3 , and 170.9 M m À1 , respectively, with corresponding standard deviations of 2.2 mg m À3 , 59.3 mg m À3 , and 105.8 M m À1 . BC, PM 2.5 , and Bsp followed a typical lognormal pattern (not shown). More than 60% of the samplings were within ranges from 1 to 5 mg m À3 for BC, 30 to 120 mg m À3 for PM 2.5 and 60 to 180 M m À1 for Bsp during Phase 1.
High pollution episodes appeared in early and middle February in Chinese Spring and Lantern Festivals, possibly due to the significant local discharge of fireworks and relatively small wind speeds (see discussion on Fig. 2b ). The maximum value reached 12 mg m À3 for BC, 400 mg m À3 for PM 2.5 , and 500 M m À1 for Bsp during the period.
BC accounted for about 6.6 AE 2.9% of total PM 2.5 .
The mean diurnal variations of aerosol during Phase 1 show peaks at rush hours (8:00e9:00 am and pm LST), when the hourlymean values reached 4.7 mg m À3 , 89.7 mg m À3 and 185.7 M m À1 for BC, PM 2.5 , and Bsp, respectively ( Fig. 2a ). Although there are no large industrial pollution sources within a 30 km radius of the site, several main roads with heavy traffics surround the site (Zhu et al., 2012) . The diurnal variations of vehicle volumes (not shown) on these roads also show two peaks in early morning and evening. Low level aerosol concentrations appeared in predawn in nighttime and at 13:00e14:00 pm in daytime because aerosol emissions were weak in the nighttime and boundary layers were well developed in the afternoon. However, this normal diurnal cycle could be altered in polluted episodes, such as in Lantern Festival when aerosol concentrations were relatively low in the daytime on 17 Feb 2011 but became dramatically high in the nighttime (Fig. 2b) . BC, PM 2.5 , and Bsp increased by about 5 mg m À3 , 300 mg m À3 , and 450 M m À1 within 4 h because the discharge of fireworks for celebrations.
Wind speeds were only about 0.7 m s À1 during the period. Fig. 2 shows again that BC, Bsp, and PM 2.5 very similarly in time. The correlation coefficient (R) between BC and PM 2.5 , between BC and Bsp, and between Bsp and PM 2.5 is 0.66, 0.85 and 0.74, respectively, suggesting the same emission sources for BC and PM 2.5 in Nanjing during the period.
To further understand the aerosol compositions in urban Nanjing, discontinuous samplings at the site were conducted during Phase 1 using Ambient Eight Stage Cascade Impactor Sampler. Table 2 lists the daily mean ratios of inorganic aerosols including sulfate, nitrate, and ammonium to total PM 2.1 . Inorganic scattering aerosols in urban area of Nanjing account for about 49 AE 8.6% of total aerosols during this period (Table 2) . At this site, nitrate concentration is larger than that of sulfate and this finding is in opposite to what is observed in a suburban site of Nanjing at the campus of Nanjing University of Information Science and Technology. The nitrate to sulfate ratio is about 1.24 in this urban site while it is only 0.9 in the suburban site. Larger nitrate to sulfate ratio in urban Nanjing may be caused by higher nitrate precursor emissions from vehicles (Zhu et al., 2012) . Assuming that the ratio of each component in PM 2.1 were equal to that in PM 2.5 and the ratio is subsequently scaled seasonally from January to April, 2013, mean concentrations of sulfate, nitrate and ammonium in PM 2.5 in urban Nanjing could be estimated roughly to be 13.3, 16.4, and 7.2 mg m À3 , respectively.
In 2006 and 2007, atmospheric aerosols were measured at 14 sites, spreading over most regions of the mainland China (Zhang et al., 2008; X.Y. Zhang et al., 2012) . Particularly, one of the sites was in LinAn (LA), a polluted rural site in YRD. The aerosol seasonality at the 14 sites was compared with this study, although it is understandable that the measurements for the 14 sites were made in earlier years. Fig. 3 shows the seasonal (from January to April) mean concentrations of BC and PM 2.5 as well as the ratio of BC to PM 2.5 over the 15 sites (including Nanjing in this study). The horizontal ordinate in Fig. 3 labels the abbreviations of the site names as listed in Table 3 . High aerosol concentrations appear in southwestern, northern, and northeastern China, especially in urban sites. Both BC and PM 2.5 vary similarly in space over China. A site with high BC usually is also with high PM 2.5 and vice versa. Aerosol concentrations in urban Nanjing (NJ) are slightly higher than those in Nanning (NN) and Lhasa (LS) but much smaller than those at the other urban sites, such as Chengdu (CD), Panyu (PY), XiAn (XA), and Zhengzhou (ZZ). Compared with LA in YRD, Nanjing has a relatively higher PM 2.5 but a lower BC concentrations ( Fig. 3) . At most sites, ratios of BC to PM 2.5 ranged from 5 to 10% while the ratio in urban Nanjing was about 6%. As discussed in Zhang et al. (2009) , emissions of aerosols and trace gases have kept increasing in the last decade. Comparison between recent and earlier observations of BC concentrations over China suggests that BC in LS and LA have increased considerably (Table 4 ). Aerosols concentrations in the 14 sites can be expected to increase in the recent years with increasing energy consumptions and economic activities. Therefore, the mean aerosol concentrations in urban Nanjing is still relatively low among the 15 sites over China or within YRD.
Optical properties of aerosols
Optical properties of aerosols in urban Nanjing is derived from one-year continuous measurements of aerosol optical properties, including optical depth of total (TAOD), absorbing (AAOD), fine (FAOD) and coarse (CAOD) aerosols, Angstrom exponent of total (TAE), absorbing (AAE) and fine (FAE) aerosols, and SSA of total aerosols during Phase 2. Fig. 4 shows the seasonal mean wavelength-dependent TAOD, AAOD, FAOD and CAOD in urban Nanjing in spring (representing March, April and May hereinafter), summer (representing June, July, and August hereinafter), fall (representing September, October, and November hereinafter) and winter (representing December, January, and February hereinafter). TAOD, AAOD, and FAOD decreased with increasing wavelength while CAOD showed an opposite variation. For total, absorbing, and fine aerosols, the largest AOD appeared in summer possibly owing to high relative humidity (RH). CAOD in spring is higher than the other seasons possibly due to frequent dust storms at the times. For the same reason, TAOD in spring was also considerably large. Seasonal mean 550-nm AODs of total, absorbing, fine and coarse aerosols in urban Nanjing are listed in Table 5 . The 550-nm AOD ranged 0.5e1.0 for TAOD, 0.04e0.05 for AAOD, 0.42e0.92 for FAOD, and 0.06e0.21 for CAOD. SSA, a quantity for radiative absorption capability of aerosols, is shown in Fig. 5 by wavelength and season. The mean SSA in urban Nanjing ranged from 0.90 to 0.95 in four seasons. Aerosols were more absorbing in fall possibly owing to the biomass burning in YRD (Zhuang et al., 2011) . Lots of straw are burned in farmlands of YRD during the harvest seasons (such as in fall), which might emit considerable BC to the atmosphere (Zhuang et al., 2011) . An increase in biomass burning would elevate BC concentrations and consequently enhance absorption of aerosols (Ramanathan and Carmichael, 2008) . Annual mean SSA was about 0.92, 0.92, 0.91, and 0.90 at 440 nm, 675 nm, 870 nm, and 1020 nm, respectively.
The ground-based observations of AOD and SSA have much higher temporal resolutions than the satellite observation, while the latter has an advantage of global spatial coverage. Therefore, it is desirable to valid the satellite observation with the ground measurement. In Fig. 6 , the surface observations of TAOD is compared with MODIS satellite data at 550-nm ( Fig. 6a ) and the surface observations of SSA is compared with Ozone Monitoring Instrument (OMI) satellite data at 440-nm ( Fig. 6b ). MODIS TAODs were found to be somewhat consistent with the ground-based observations. The majority of dots were concentrated around Table 3 for the information on the sites, including the abbreviations for the site names in the horizontal coordinate.
1:1 line. The correlation coefficient between MODIS and CIMEL AODs was 0.76. However, OMI-based SSA had a relatively weak correlation with CIMEL SSA (Fig. 6b ), similar to the results from Liu and Hong (2012) . Annual mean 550-nm TAOD from MODIS was about 0.74 AE 0.43. Annual mean 442-nm SSA of total aerosols from OMI was about 0.94 AE 0.2. Both AOD and SSA from satellites were slightly larger than the ground-based ones. Fig. 7 shows seasonal variations of 675/440-nm total Angstrom Exponent (TAE), final aerosol Angstrom Exponent (FAE), and absorbing aerosol Angstrom Exponent (AAE). AOD and SSA are good indicators of aerosol loadings and absorbing ability and AE can describe the size of aerosols. Both AAE and FAE were the smaller in summer than in the other seasons. However, TAE was the smallest in spring possibly due to the effects of dust aerosol (see Fig. 4 , CAOD was large in spring). The smallest median AE among four seasons was about 1.0 for total aerosols in spring, 1.4 for fine aerosols and 1.0 for absorbing aerosols in summer. Small FAE and AAE might be caused by large relative humidity (RH) (Fig. 8a) . The median value of RH exceeded 70% in summer but was only about 45% in winter. Both AAE and FAE were anti-correlated with RH (Figs. 7b, c, and 8a) . The correlation coefficient was À0.93 between AAE and RH and was À0.91 between FAE and RH (Fig. 8b) . Therefore, large AODs in summer (Fig. 4) were likely resulted from the hygroscopic growth of the aerosols. Table 6 summarized the annual mean AOD, SSA and AE of aerosols (Line 2e9 in the table) in urban Nanjing. AAOD was about one order of magnitude smaller than TAOD and FAOD. CAOD, which had a considerable standard deviation, was about 1/5 times to FAOD. Annual mean AAOD, FAOD, and CAOD was about 0.04 AE 0.02, 0.48 AE 0.29 and 0.11 AE 0.12, respectively. Annual mean aerosol SSA at 440 nm was about 0.92 AE 0.03. FAE was much larger than TAE. Annual mean AAE, FAE and TAE was 1.44 AE 0.5, 1.64 AE 0.29 and 1.25 AE 0.29, respectively.
Quality assessed aerosol data from AERONET at four sites in YRD were compared with our results. The four sites include Hefei (117.16 E, 31.91 N), Taihu (120.22 E, 31.42 N), Hangzhou (119.73 E, 30.26 N) and suburban Nanjing (118.72 E, 32.21 N) . Table 6 lists 550-nm AOD and 675/440-nm AE in these sites (Line 10e17). In Taihu, the total aerosol AOD and AE were about 0.71 and 1.24 and have a similar seasonality to this study (not shown). The seasonal mean TAOD and TAE in Hangzhou were about 0.82 and 1.24 in fall 2007. Because of the presence of dust aerosols, the TAOD and TAE in suburban Nanjing were 0.63 and 0.81 in springs 2010. Our observation showed the similar results for urban Nanjing. Multi-year TAOD and TAE in Hefei were about 0.62 and 1.15 from 2005 to 2008. TAOD in YRD often exceed 0.6 and they are usually modulated by dust storms in spring.
Direct radiative forcing (DRF) of aerosols
When estimating the aerosol direct effect, surface albedo must be considered as its variation can alter the estimation greatly. The MODIS-based surface albedo by wavelength in urban Nanjing during Phase 2 is presented in Fig. 9 , showing huge seasonal variations. The albedo in summer was larger than in other seasons. The surface albedo increased with wavelength in all seasons in the short-wave range. And it was lower than 0.15 in visible wavebands but higher than 0.2 in the longer wavebands in whole year (Fig. 9 ). Fig. 10 shows the seasonal mean daytime clear sky DRFs of total and absorbing aerosols at the TOA and at the surface in urban Nanjing. Absorbing aerosol had a positive DRF at the TOA but a negative DRF at the surface. DRFs of total aerosols were negative both at the TOA and at the surface. Both total and absorbing aerosol DRFs show seasonal variations with stronger DRFs in summer than in the other seasons. Daytime DRF of absorbing aerosols was about 13.7 W m À2 at the TOA and À17.9 W m À2 at the surface in summer, while in winter, it was 7.2 at the TOA and À14.7 W m À2 at the surface. For total aerosols, daytime DRF was À15.5 W m À2 at the TOA and À55.1 W m À2 at the surface in summer, whereas the value in winter is À15.4 and À39.4 W m À2 , respectively, at the TOA and at the surface. It is noticeable that large ratio of the surface DRF to the TOA one was found in winter for absorbing aerosols while in summer for total aerosols. This was possibly because negative DRF of scattering aerosols in summer was substantially offset by very positive DRF of absorbing aerosols at the TOA. Mean diurnal variations of DRFs are shown in Fig. 11 . There were two peaks (appeared Table 4 Comparisons among observed BC (in mg m À3 ) over China in earlier studies.
Sites (References)
Lat ( (Fig. 11b ). Diurnal variation of total aerosol DRF somewhat followed that of absorbing aerosol DRF as negative forcing of the scattering aerosols was considerably offset by absorbing aerosols (Fig. 11a and b ). Annual mean (including daytime and nighttime) DRFs of total and absorbing aerosols at the TOA were À6.9 and þ4.5 W m À2 , respectively, and they were about À21.3 and À7.9 W m À2 at the surface. Aerosol DRF over China has been a subject of numerous studies. Xia et al. (2007) reported that the daytime observed clear sky aerosol DRF at the surface in Taihu was about À38.4 W m À2 . Kuhlmann and Quaas (2010) found a reduction of shortwave radiation by 20e30 W m À2 due to aerosol perturbation over Qinghai-Tibet Plateau. This study suggested a more negative daytime surface DRF (À42.5 W m À2 ) in urban Nanjing than these earlier studies. Table 7 briefly summarized the global, regional, and local aerosol TOA DRFs from observations and simulations. Aerosol DRFs under the clear sky is stronger than under all sky conditions. The global mean DRF of total aerosols in clear sky is estimated to be À5.4 W m À2 at the TOA from observation (Forster et al., 2007) . This is much more negative than the simulation of À2.1 W m À2 by Reddy et al. (2005) . At regional scale, the observed DRF of total aerosols in clear sky was positive in East Asia , which it is negative, being À0.62 W m À2 (Zhuang et al., 2013b) and À0.2 W m À2 Han (2010) from simulations. Urban aerosols had much stronger DRFs than regional and global means as suggested in this and earlier studies (Alam et al., 2011) (Table 7) . Forster et al. (2007) suggested that the uncertainty of DRF derived from observations is much smaller than that from simulations because the current climate models perform poorly in describing aerosol mixings, profiles, and emissions (Ramanathan and Carmichael, 2008) and DRF is usually underestimated by these models. Ramanathan and Carmichael (2008) pointed out that aerosol absorption from observation is a factor of two or more larger than from the general circulation models (GCMs). The global mean BC DRF at the TOA is þ0.9 W m À2 derived from observations, whereas it is only from þ0.2 to þ0.4 W m À2 from simulations Ramanathan and Carmichael (2008) . A merging of modeled and observed aerosol parameters would reduce biases in simulations (Ramanathan and Carmichael, 2008) . Clear sky TOA DRF of anthropogenic aerosols is À1.08 W m À2 by integrating satellite and ground-based observations with models (Chung et al., 2005) . Absorbing aerosol DRF at the TOA in urban Nanjing is about 5 times of the global means.
Sensitivities of DRF to surface albedo
Surface albedo can affect aerosol DRF significantly (Ma and Yu, 2012) . Brighter surfaces would reflect more solar radiation to the atmosphere and thus lead to more re-absorption and re-scattering of solar radiation by aerosols. To better understand the effects of surface albedo on aerosol DRFs in urban Nanjing, sensitivity tests were carried out, in which surface albedo was set up as 0.04, 0.2, 0.25, and wavelength dependent (Fig. 11 ). Fig. 11 shows that TOA DRF becomes more positive with increases in surface albedo for absorbing aerosols but less negative for total aerosols, as with brighter surfaces, more solar radiation is absorbed by absorbing aerosols while less radiation is scattered by scattering aerosols in Earth-atmosphere system. These results are consistent with the 0.1 study of Stier et al. (2007) . Changes in absorbing aerosol DRF at the surface were different from that at the TOA (Fig. 11a ). Surface DRF of absorbing aerosols would become less negative with increasing surface albedo. When surface albedo was set to be 0.04, 0.2 and 0.25, corresponding daytime DRFs of total and absorbing aerosols were À30.6 and þ3.0 W m À2 , À17.9 and þ7.7 W m À2 , and À13.9 and þ9.2 W m À2 , respectively, at the TOA in urban Nanjing. The strong warming effect of absorbing aerosols in urban Nanjing in summer ( Fig. 10) was partially attributable to a brighter surface condition ( Fig. 9 ) and thus offset more negative TOA DRF of scattering aerosols.
Conclusions
With the ground measurements and a radiation transfer model, we studied the characteristics, optical properties, and direct radiative forcing of aerosols in urban Nanjing, a megacity in Yangtze River Delta (YRD) of China.
We found that aerosols concentrations in the urban Nanjing are much lower than those at the other urban sites in China, such as Chengdu, Panyu, Xi'An, and Zhengzhou. From January to April, 2011 (Phase 1), PM 2.5 concentrations were about 76.1 AE 59.3 mg m À3 , with corresponding scattering coefficient of 170.9 AE 105.8 M m À1 . Inorganic scattering aerosols accounted for about 49 AE 8.6% of total aerosols while BC accounted for 6.6 AE 2.9%. BC concentrations were a little lower than that in a rural site of YRD. We found high pollution episodes in Spring and Lantern Festivals due to considerable discharge of fireworks. Composition analysis for Phase 1 indicates that nitrate is larger than sulfate in urban Nanjing.
One year measurements from 22 April 2011 to 21 April 2012 (Phase 2) show that annual mean 550-nm TAOD was 0.6 AE 0.3, which was about 0.07, 0.8 and 0.18 times of AAOD, FAOD and CAOD, respectively. Annual SSA of aerosols ranges from 0.90 to 0.92. As an indicator of aerosol sizes, 675/440-nm Angstrom exponent of total aerosols was about 1.25 AE 0.29, smaller than AAE (1.44) and FAE (1.64). TAOD, AAOD, FAOD, and aerosol sizes were larger in summer than in the other seasons, likely resulting from higher relative humidity then. Much smaller TAE and larger CAOD were mostly found in spring than in the other seasons due to frequent dust storms. AOD in urban Nanjing was lower than that in other sites in YRD such as in Hangzhou and Taihu. Among several populated cities in China (e.g., Chengdu, Panyu, XiAn, and Zhengzhou), AOD in urban Nanjing might be quite low.
Real time wavelength-dependent surface albedo from MODIS was applied to estimate aerosol DRFs in Nanjing. Due to aerosol absorption and scattering of shortwave radiation, energy budget of Earth-atmosphere system is modulated considerably in urban Nanjing, especially in summer. Annual mean clear sky DRFs (including daytime and nighttime) of absorbing and total aerosols were þ4.5 and À6.9 W m À2 , respectively, at the TOA, while the values were À7.9 and À21.3 W m À2 , respectively, at the surface. Negative DRFs of total aerosols were greatly offset by absorbing aerosols. Ramanathan and Carmichael (2008) pointed out that climate models performed more poorly in aerosol DRFs than observation retrievals. Global mean DRF of absorbing aerosols from observations in Ramanathan and Carmichael (2008) was only about 1/5 of this study, reflecting the non-homogenous distribution of BC or absorbing aerosols. Global mean DRF of total aerosols summarized in the fourth IPCC report (Forster et al., 2007) is also smaller than that from this study. Both cooling effect of scattering aerosols and warming effect of absorbing aerosols are significant in urban Nanjing and within YRD, which should not be ignored. Our results also suggest that aerosol DRFs are sensitivity to surface albedo. In brighter surfaces, solar radiation is more absorbed by absorbing aerosols. Therefore, the warming effect of BC would become more significant if BC presents above the clouds, sea ice, and snow surface. 
